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ABSTRACT

Two studies evaluated the proteolysis of alfalfa
that was ensiled in laboratory silos under different
modified atmospheres. In the first study, fourth-
cutting alfalfa was ensiled at 25% dry matter (DM)
for 28 d. The forage treatments were a modified at-
mosphere of 3% O2:20% CO2:77% N2, or formic acid
(6 ml/kg of fresh weight); an untreated control was
used for comparison. Proteolysis was assessed from
the concentrations of NH3 N, free amino acid (AA) N,
and nonprotein N (NPN). Peptide N was estimated
as the difference between total NPN and the sum of
NH3 N plus free AA N. Higher silage pH and lower
concentrations of total organic acids suggested that
the modified atmosphere reduced forage fermenta-
tion. The modified atmosphere was effective in reduc-
ing proteolysis to a level similar to that achieved with
formic acid. Alfalfa ensiled under the modified at-
mosphere had more peptide N than did alfalfa ensiled
with formic acid, which may be advantageous.

In the second study, alfalfa was ensiled at 20 and
28% DM as an untreated control or treated with N2
gas or a modified atmosphere composed of 3% O2:15%
CO2:82% N2. The NH3 N concentrations were higher
in alfalfa ensiled at 28% DM under N2 gas or the
modified atmosphere. Concentrations of free AA N
were lower at the higher DM percentage for all treat-
ments. Concentrations of NPN were reduced 7.0% for
low DM ensiled under N2, 7.0% for high DM ensiled
under N2, 23.4% for low DM ensiled under a modified
atmosphere, and 25.7% for high DM ensiled under a
modified atmosphere. Modified atmospheres reduced
the rate and extent of NPN formation in alfalfa
silage.

( Key words: alfalfa silage, proteolysis, modified at-
mosphere)

Abbreviation key: MA = modified atmosphere.

INTRODUCTION

Ensiling alfalfa herbage always results in exten-
sive proteolysis to NPN. The proteolysis stems from
extended respiration, lysis of cell organelles that
bring together enzymes and substrates, cathepsis by
released cell enzymes, and, at higher pH, deamina-
tion carried out largely by clostridial bacteria (25).
Despite high percentages of CP, the N in alfalfa silage
is poorly utilized by ruminants because of the high
NPN (2) . Thus, preservation methods that reduce
proteolysis during ensiling are an essential prerequi-
site to improving the efficiency of ruminal utilization
of CP in alfalfa silage. To inhibit proteolysis in en-
siled alfalfa, formaldehyde treatment (7) , acid
preservatives (23), moisture control (19, 21), heat
application (4) , gamma irradiation (5) , and temper-
ature control (21) have been studied. Addition of
formic acid to alfalfa to accelerate pH decline at ensil-
ing has been effective in improving both preservation
of protein N and cow performance (23).

Respiration provides the energy needed by the
plant to maintain biochemical processes and cell in-
tegrity in plant tissues. Rates of plant respiration
may be reduced by modified atmospheres ( MA) in
which atmospheric O2 is lowered or atmospheric CO2
is increased (10). The combination of lower O2 and
higher CO2 has double the effect of either change
alone (10, 11). The MA reduces respiration rate by
inhibiting the plant enzymes that metabolize organic
acids, carbohydrates, and fatty acids, including those
enzymes that regulate ethylene production (31).
Hence, MA systems are currently used to extend
shelf-life of fruits and vegetables (9) . The MA tech-
nology may be effective in reducing forage respiration
and cell lysis during ensiling. Maintenance of the
integrity of cell compartments may control the rapid
and extensive proteolysis sustained in alfalfa directly
following harvesting and ensiling. Other researchers
(11, 32) have reported reduced proteolysis and in-
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TABLE 1. Effect of modified atmospheres (MA)1 on N fractions in alfalfa ensiled for 18 d in a
preliminary trial.

a,b,c,dMeans within a row with no common superscript letters differ ( P < 0.05).
1MA 1 = 3% O2:20% CO2:77% N2, MA 2 = 3% O2:40% CO2:57% N2, MA 3 = 100% N2, and MA 4 = 3%

O2:97% N2.
2Total N.

Item Control MA 1 MA 2 MA 3 MA 4 SE

pH 5.1d 5.6c 5.8b 5.8b 6.8a 0.2
DM, % 27.3 27.0 26.8 27.3 26.5 0.8
CP, % of DM 20.5 19.9 20.2 20.1 19.6 0.4
ADF, % of DM 32.3 33.4 32.6 33.1 33.8 1.4
NDF, % of DM 39.0 40.2 40.4 39.7 41.0 2.1
Ash, % of DM 9.9 10.1 10.3 10.1 10.7 0.6
NH3 N,2 % of TN 7.5c 10.4b 13.2b 6.8c 19.2a 1.7
Free AA N, % of TN 36.6a 34.5a 26.3b 36.1a 17.6c 2.0
NPN, % of TN 55.5a 42.4c 47.2b 54.3a 57.1a 2.2

creased retention of chlorophyll in detached leaves,
fruits, and vegetables stored in a N2 gas environment.
Also, because of its inertness, N2 gas often is used to
balance gas proportions of MA. Effects of N2 gas have
been attributed to a reduction in the oxidation
processes involving several oxidases (10). Other than
the use of methods for inert gas generation to improve
forage preservation (R. L. Vetter, 1993, personal com-
munication), there are no literature reports on the
use of MA methods to reduce proteolysis during ensil-
ing. This study evaluated the effect on proteolysis of
ensiling alfalfa under MA and N2 gas compared with
proteolysis in control silages and silages treated with
formic acid.

MATERIALS AND METHODS

Experiment 1

In a preliminary trial, third-cutting, alfalfa was
harvested by hand at the prebloom stage on August
28, 1993, chopped to a theoretical length of approxi-
mately 8 cm, wilted to about 27% DM, and divided
into five portions. The five portions were the control
and four portions ensiled under various MA. The
ensiling procedure (21) consisted of packing the
forage with a wooden dowel into 100-ml polypropy-
lene centrifuge tubes. Tubes were capped with butyl
rubber stoppers fitted with gas traps, and six repli-
cate silos for each treatment were incubated in a 30°C
water bath. The MA were introduced into the silos via
a tube inserted through the silage to the bottom of
each silo. The MA that yielded the lowest NPN con-
centration (MA-1; Table 1) was selected for further
study. Fourth-cutting alfalfa was harvested by hand
at the prebloom stage on October 4, 1993, chopped to

a theoretical length of approximately 8 cm, and
divided into three portions (control, formic acid, and
MA). Formic acid was applied at the rate of 6 ml/kg
of fresh herbage using a misting sprayer and hand
mixing. Chopped herbage (300 g) was packed into
500-ml high density, polyethylene plastic bottles fit-
ted with number 10 rubber stoppers that were held in
position by custom-made plastic caps (Figure 1). A
total of 45 silos were filled to yield 15 silos per treat-
ment. Stoppers for control silage and silages treated
with formic acid were fitted with tygon tubing for air
traps to vent gas from the silos. Flow meters (Gil-
mont Instruments Inc., Great Neck, NY) were used
for the MA treatment to regulate flows of O2, CO2,
and N2 into a mixing jar. Gas from the mixing jar was
passed through a scrubber with acidified (pH 4.0),
deionized, 25°C water to ensure high relative humid-
ity in gas flowing into the silos. Gas flow rate was 40
ml/min for the first 7 d and 8 ml/min for d 7 to 28.
The MA was introduced into the silos via a plastic
pipette at the bottom of the forage mass; a short
outlet tube allowed gas to escape into a water trap
from the top of the silos (Figure 1). Composition of
the gas leaving the silos was monitored using a gas
chromatograph (Shimadzu GC-8A; Scientific Instru-
ments, Inc., Columbia, MD) equipped with a thermal
conductivity detector. Conditions for analyses were
150°C injector temperature, 100°C column tempera-
ture, columns (Supelco, Bellefonte, PA), 180-cm ×
0.32-cm carbosieve SII for CO2 and 90-cm ×
0.64-cm molecular sieve 5A for O2 and N2; He carrier
gas at flow rates of 72 ml/min for CO2 and 60 ml/min
for O2 and N2. Compositions of MA are reported as
the means from analyses of the gas leaving the silos;
mean composition in this trial was 3% O2:20% CO2:
77% N2. The silos were held at room temperature
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Figure 1. Cross section of experimental silos used in Experiment
1. HDPE = High density polyethylene.

Figure 2. Cross section of experimental silos used in Experiment
2. PVC = Polyvinyl chloride.

(25°C) for 28 d. Triplicate silos from each treatment
were removed at d 2, 4, 8, 14, and 28 and then frozen
(–20°C) until analysis.

Experiment 2

A field of early bloom alfalfa was divided into two
strips. One strip was cut first on June 1, 1994 with a
mower conditioner and left in the field to wilt. The
following day, both the wilted alfalfa and the other
strip, harvested as direct-cut silage, were chopped
using a forage harvester set to a 5-cm theoretical
length of cut. Chopped alfalfa (2.3 kg) was ensiled in
2800-ml custom polyvinyl chloride silos fitted with
butyl rubber septa on the side and top and bottom
rubber caps that were made airtight using steel hose
clamps (Figure 2). Herbage at the two DM percent-
ages was allocated to each of three treatments: con-
trol, N2 gas, and an MA similar to that used in
Experiment 1. A total of 30 silos was packed to yield 5
silos per treatment. The MA gas composite and N2
gas were passed through deionized water scrubbers
into the silos via a tube fitted near the bottom of the
silo and were finally released through a rubber cap at
the top of the silo. Silo gas composition was monitored
by sampling through the butyl rubber septa and ana-
lyzed as described in Experiment 1. Mean composi-
tion of the gas mixture leaving the silos was 3% O2:
15% CO2:82% N2. Silos were purged continuously
with the gases for 24 h to ensure gas equilibration
and then for 30 min twice daily until d 40 when all
silo fermentations were stopped. When silos were not

being purged, Bunsen valves prevented influx of air.
Silos were held at room temperature (25°C) for 40 d.
On d 40, the silos were frozen (–20°C) until ana-
lyzed.

Silage Analysis

Individual silos were thawed, opened, emptied into
a tub, and mixed by hand; 50-g samples were taken in
duplicate for DM determination by freeze-drying.
Buffering capacity of silages was determined (22).
Aqueous silage filtrates were prepared according to
the procedure of Muck (21), except that amounts of
silage and deionized water were doubled to 20 g of
silage and a total volume of 200 ml. The pH of the
filtrate was measured immediately, and the filtrate
was analyzed for NH3 N, free AA N (3) , NPN, or-
ganic acids, and ethanol (21). Peptide N was esti-
mated as the difference between NPN and the sum of
NH3 N plus free AA N. Freeze-dried silages were
ground to pass through a 1-mm screen (Wiley mill;
Arthur H. Thomas, Philadelphia, PA) prior to an-
alyses for DM (105°C), total Kjeldahl N and ash
(21), and ADF and NDF (20). In Experiment 1, chlo-
rophyll a and b were determined on silage samples
ground under liquid N2 (8) .

Statistical Analysis

Data from Experiment 1 were analyzed as a com-
pletely randomized design using the general linear
models procedure of SAS (26), including treatment
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TABLE 2. Composition of alfalfa herbage and effect of formic acid1 and modified atmosphere (MA)2 on
the composition of alfalfa ensiled for 28 d (Experiment 1).

a,bMeans within a row with no common superscript letters differ ( P < 0.05).
1Formic acid was applied at 6 ml/kg of fresh weight.
23% O2:20% CO2:77% N2.

Item Herbage Control Formic acid MA SE

DM, % 25.6 26.3 24.2 27.4 1.6
Buffering capacity, meq/kg of DM 697.8b 825.1a 850.5a 910.3a 68.0
Total N, % of DM 3.4 3.5 3.6 3.6 0.1
ADF, % of DM 27.7 27.9 25.9 27.6 1.2
NDF, % of DM 36.2 37.1 34.5 36.2 1.5
Ash, % of DM 9.8 11.0 10.8 10.4 0.8

Figure 3. Effect of control ( ) , formic acid (– – – –), and
modified atmosphere (3% O2:20% CO2:77% N2; — · — ) treatments
on NH3 formation during ensiling (Experiment 1). Error bars
represent ±1 standard deviation ( P < 0.05).

effect and days ensiled. When treatment effects were
significant ( P < 0.05), mean separation was by least
significant difference. Data from Experiment 2 were
analyzed as a 2 × 3 factorial design using the general
linear models procedure of SAS (26), including DM,
treatment, and DM by treatment interaction. Again,
when treatment effects were significant ( P < 0.05),
mean separation was by least significant difference.

RESULTS AND DISCUSSION

In fresh herbage, respiration rate is directly
proportional to O2 concentration (10). Depending on
the plant material, 1 to 3% O2 was required to avoid
shifting the main pathway of energy metabolism in
plant tissue from the Krebs cycle to glycolysis (10).
Depending on the type of plant material, elevated
CO2 concentrations reduced respiration rate, but,
above 20%, CO2 had the potential to cause injury to
the tissue (11). Reducing O2 and elevating CO2 may
increase the effect of changing either component alone
(10, 11). Thus, exposure of plant tissues to O2 below
tolerance limits or to CO2 above tolerance limits can
increase anaerobic metabolism and, consequently, tis-
sue damage as indicated by accumulation of ethanol
and acetaldehyde (10, 31). Establishment of an op-
timal gas mixture in the silo may reduce formation of
NPN. A preliminary study was carried out to estab-
lish the optimal MA gas mixture, which was assumed
to be that which produced the lowest concentration of
NPN in 18-d silage (Table 1). From these results, a
mixture of 3% O2:20% CO2:77% N2 was selected for
further study of its effects on the composition of al-
falfa silage.

Effect of pH

To achieve optimal preservation of conventionally
fermented silage, emphasis has been placed on attain-
ing a low pH. However, the rate of pH decline may be

more important than the final pH because rapid
acidification reduces the risk of early clostridial
growth and, hence, deamination (25). Limited pro-
teolysis occurs at pH < 4.5, partly because the optimal
pH for proteases in alfalfa is about 5.5 (18). In
Experiment 1, the pH of the control silage was higher
than that normally observed for well-preserved al-
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TABLE 3. Effect of formic acid1 and modified atmosphere (MA)2 on pH, composition of the NPN
fraction, and chlorophyll content of alfalfa ensiled for 28 d (Experiment 1).

a,b,cMeans within a row with no common superscript letters differ ( P < 0.05).
1Formic acid was applied at 6 ml/kg of fresh weight.
23% O2:20% CO2:77% N2.
3Least significant difference ( P < 0.05).
4Total N.

Item Control Formic acid MA LSD3

pH 5.57b 4.62c 7.32a 0.89
NH3 N,4 % of TN 5.59a 1.41b 6.48a 1.07
Free AA N, % of TN 46.9a 37.8b 21.4c 6.0
Peptide N, % of TN 7.71b 6.55b 15.00a 7.17
NPN, % of TN 60.2a 45.7b 42.9b 3.7
Chlorophyll a, mg/g of DM 0.33b 0.47b 0.77a 0.08
Chlorophyll b, mg/g of DM 0.04b 0.06b 0.18a 0.01

Figure 4. Effect of control ( ) , formic acid (– – – –), and
modified atmosphere (3% O2:20% CO2:77% N2; — · — ) treatments
on free AA formation during ensiling (Experiment 1). Error bars
represent ±1 standard deviation ( P < 0.05).

falfa, possibly because of a higher than normal buffer-
ing capacity of the herbage (Table 2). Buffering ca-
pacities of about 550 meq/kg have been reported for
alfalfa (17). In addition, hand-harvesting the her-
bage might have reduced the degree of bacterial in-
oculation and decreased the extent of mechanical
damage that normally releases cell juices and assists
in the redistribution of moisture and nutrients in the
silage mass. Precipitation during summer 1993 was
higher than normal. The high buffering capacity in
this herbage probably resulted from increased produc-
tion of organic acids and their salts in response to
excess mineral uptake by the alfalfa (R. E. Muck,
1994, personal communication). Alfalfa ensiled under
the MA had the highest pH (Table 3); a pH greater
than 7.0 is unusual for ensiled forage. Findings for
pH were consistent with those of Lipton (13), who
observed increased pH in several vegetables following
exposure to elevated CO2. The increased pH might
have resulted from the effects of CO2 on metabolism,
a direct reaction of plant tissue in response to the
acidic effects of CO2 (10), or from reduced fermenta-
tion. Siriphanich and Kader (29) noted pH decreases
of 0.1 unit in the vacuoles and 0.4 in the cytoplasm of
lettuce during exposure to 15% CO2. Addition of for-
mic acid achieved a final pH of 4.6, which reduced
proteolysis (Table 3).

Nitrogenous Constituents

Figures 3, 4, 5, 6, 7 illustrate the dynamics of N
constituents and chlorophyll pigments during ensiling
in Experiment 1. Formation of NH3 N (hereafter
referred to as deamination) during the first 2 d was
much more rapid in the control and MA silages than
in the silage treated with formic acid. Deamination
under MA slowed after d 2 and then increased after d
7 (Figure 3), suggesting two different mechanisms of

deamination, the first via plant enzymes and the
second via clostridial bacteria (33). Treatment with
formic acid reduced, but did not stop, deamination;
the final extent of deamination was greater for con-
trol and MA silages (Table 3). Final concentration of
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Figure 5. Effect of control ( ) , formic acid (– – – –), and
modified atmosphere (3% O2:20% CO2:77% N2; — · — ) treatments
on NPN formation during ensiling (Experiment 1). Error bars
represent ±1 standard deviation ( P < 0.05).

Figure 6. Effect of control ( ) , formic acid (– – – –), and
modified atmosphere (3% O2:20% CO2:77% N2; — ··—) treatments
on concentration of chlorophyll a during ensiling (Experiment 1).
Error bars represent ±1 standard deviation ( P < 0.05).

NH3 N was lower than 10% of total N in all treat-
ments, indicating relatively low deamination activity
(33). During the 1st wk after ensiling, the rates of
proteolysis to free AA N were higher in the control
silage and the silage treated with formic acid than in
alfalfa ensiled under MA (Figure 4). After the 1st
wk, hydrolysis of protein to free AA N ceased in the
MA silage but continued at a reduced rate in silage
treated with formic acid. By d 28, concentrations of
free AA N were highest in control silage and lowest in
MA silage (Table 3). Reduced free AA N concentra-
tion in MA silage was partly a consequence of the
deamination of AA to NH3 N. After 28 d of ensiling,
the extent of proteolysis, as assessed by NPN concen-
tration, was reduced 24% with formic acid and 29%
with MA (Table 3). Although numerically different,
the magnitude of proteolysis in silage treated with
formic acid and in MA silage at d 28 was similar.
Rate of NPN formation in alfalfa treated with formic
acid was maximal at d 2 (Figure 5). The reduced
mechanical disruption of herbage in this experiment

probably necessitated a greater time for the formic
acid to equilibrate with the cell solubles to produce
the pH effect. The difference between NPN and the
sum of NH3 N plus free AA N was used to estimate
peptide N, presumably low molecular mass peptides.
The MA silage contained more peptide N than did the
formic acid silage. Greater proportions of silage NPN
as peptide N may result in improved efficiency of N
utilization by ruminal microbes (2) .

Chlorophyll Pigments

The events leading to proteolysis in ensiled forages
are similar to those occurring when plants senesce
(17). Chlorophyll molecules are embedded in proteins
in the chloroplast. The first step in chlorophyll
catabolism is the action of chlorophyllase on chlo-
rophyll and protein complexes (27), removing phytol
(28). Senescence of green leaves is characterized by a
decline in chlorophyll content, reflecting deterioration
of thylakoid membranes (27). Typically, chlorophyll
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TABLE 4. Effect of formic acid1 and modified atmosphere (MA)2 on
the content of fermentation products in alfalfa ensiled for 28 d
(Experiment 1).

1Formic acid was applied at 6 ml/kg of fresh weight.
23% O2:20% CO2:77% N2.
3Amounts <0.01% of DM.

Item Control Formic acid MA

(% of DM)
Succinate 2.88 0.32 0.51
Lactate 2.96 0.40 0.05
Formate Trace3 2.50 Trace
Acetate 0.89 0.09 0.35
Propionate 1.82 0.35 Trace
2,3-Butanediol 0.91 0.40 0.04
Ethanol 1.71 0.12 Trace
Butyrate 0.51 Trace Trace

Figure 7. Effect of control ( ) , formic acid (– – – –), and
modified atmosphere (3% O2:20% CO2:77% N2; — ··—) treatments
on concentration of chlorophyll b during ensiling (Experiment 1).
Error bars represent ±1 standard deviation ( P < 0.05).

declines by 80 to 90% within 4 d after ensiling (14).
In agreement with other findings (10, 31), rate of
loss of chlorophyll pigments in the present studies
was reduced under the MA environment (Figures 6
and 7); on d 28, the highest concentrations of chlo-
rophyll a and b pigments were observed in the MA
silage (Table 3), suggesting that the MA reduced
lysis of the chloroplasts, which contain 75% of total
leaf protein (15). Proteins associated with chlo-
rophyll may not be accessible to proteolysis before
chlorophyll is degraded (16), which may explain the
lower NPN under MA. Reduced respiration rate, com-
bined with the decreased ethylene production and
reduced sensitivity to ethylene action, might have
delayed the catabolic activities associated with senes-
cence (31).

Organic Acids

Concentrations of organic acids were low in silages
treated with formic acid and in MA silages, indicating
that little microbial fermentation occurred in these
forages (Table 4). The predominant acids produced
by the MA were succinate and acetate. High concen-
trations of CO2 are known to alter the structure and
conformation of cell mitochondria, and, among other
things, reduce the activity of succinate dehydrogenase
and promote accumulation of succinic acid (31).
Some lactic acid bacteria produce acetic acid when
exposed to O2 (33). Also, lactobacilli can grow under
MA conditions (24), and the 3% O2 in the MA gas
mixture likely stimulated acetic acid production by
lactobacilli. The major organic acids in the control
silage were lactate, succinate, and propionate;
ethanol concentrations also were high (Table 4). Con-
centrations of lactic acid were present in the silage

treated with formic acid. Lactic acid bacteria can
grow at pH 4.5 (33). Low bacterial numbers in the
hand-cut alfalfa may explain a low degree of lac-
tobacilli proliferation. Good quality silages usually
contain less than 0.2% butyric acid in the DM (33).
The higher butyric acid concentration in the control
suggested higher activity of clostridial bacteria (Ta-
ble 4). Clostridial fermentation of carbohydrate to
succinate and propionic acid in low DM herbages also
has been documented (33). The high silage pH and
the presence of propionic acid, high concentrations of
butyric acid, and succinate in the control silage all
confirmed substantial clostridial activity (Tables 3
and 4). Silage treated with formic acid and MA silage
contained only trace amounts of butyric acid. Because
the pH of alfalfa ensiled under MA was high and
because NH3 formation was comparable with that of
the control silage (Table 3), MA probably either al-
tered the ability of clostridia to produce butyric acid
or suppressed clostridial proliferation, and NH3 for-
mation mainly resulted from deaminase activity of
the plant.
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TABLE 5. Chemical composition of alfalfa herbage and effect of modified atmosphere (MA)1 and N2 gas on the composition of alfalfa
ensiled for 40 d at low DM (LDM) or high DM (HDM) (Experiment 2).2

a,b,c,d,eMeans in the same row with different superscript letters differ ( P < 0.05).
13% O2:15% CO2:82% N2.
2LDM = 20% DM, HDM = 28% DM, TN = total N, and FAA = free AA.
3Determined by lyophilization.

Herbage Control N2 gas MA

Item LDM HDM LDM HDM LDM HDM LDM HDM

pH 6.19 6.52 4.29 4.76 4.30 4.86 4.50 5.10
DM,3 % 19.9 27.7 20.4 27.5 20.3 28.0 20.0 28.0
CP, % of DM 21.9 20.7 21.2 20.1 20.4 19.8 21.8 20.3
ADF, % of DM 28.9 30.2 29.7 29.9 30.0 32.9 29.7 32.6
NDF, % of DM 38.4 39.6 38.3 39.0 39.7 41.0 40.7 41.4
Ash, % of DM 8.4 11.0 8.8 11.0 7.9 11.2 8.6 11.2
NH3 N, % of TN . . . . . . 4.7d 12.0b 6.2c 14.2a 7.2c 13.6a

FAA N, % of TN . . . . . . 38.5bc 37.4bc 43.0a 39.1b 36.6c 30.9d

NPN, % of TN . . . . . . 65.9a 60.1b 61.4b 55.9c 50.5d 44.7e

MA and Silage DM Content

Higher DM herbages usually have lower bacterial
activity, and fermentation acids have a reduced role
in the preservation of these forages, resulting in a
higher final pH (12). However, lactobacilli are rela-
tively more tolerant of low moisture contents (up to
70% DM in alfalfa) than are clostridia (12, 30). In
Experiment 2, alfalfa was ensiled at 20 and 28% DM
(Table 5). Concentrations of NH3 N were higher in
high DM silage than in low DM silage (Table 5).
Previously, for trials in which DM was higher than
28% (6, 21), lower DM content reduced NH3 concen-
trations. Deaminase activity also was greater in high
DM alfalfa than low DM alfalfa ensiled under N2 gas
and MA. For all treatments, concentrations of free AA
N were lower in high DM silage, presumably because
more free AA were deaminated to NH3 (Table 5).
Increased forage DM has reduced plant respiration,
plant enzyme activity, and microbial growth rate and
has delayed plant cell lysis (21). Similar to other
findings (1, 6, 21), NPN was higher in low DM
silages. Relative to controls, NPN concentrations were
reduced 7.0% for low DM ensiled under N2, 7.0% for
high DM ensiled under N2, 23.4% for low DM ensiled
under MA, and 25.7% for high DM ensiled under MA.
These findings indicate that anoxic conditions in the
silo may delay the onset of proteolysis, possibly
through a reduction in the oxidation processes. Fur-
thermore, moderate wilting enhanced the reduction of
proteolysis that occurred under MA. However, the
effects of DM content on proteolysis are influenced by
prevailing drying conditions, because slow drying un-
der high humidity actually may enhance the rate of
proteolysis (33).

CONCLUSIONS

The potential was evaluated of using MA to en-
hance the preservation of protein in ensiled alfalfa.
Alfalfa ensiled under an MA of 3% O2:20% CO2:77%
N2 reduced the extent of proteolysis to a level similar
to that achieved by formic acid treatment. Ensiling
under MA was more effective than ensiling under N2
gas. Rate of breakdown of chlorophylls a and b also
was reduced in alfalfa ensiled under MA, suggesting
that the MA reduced chloroplast decomposition. The
effect of MA was additive for alfalfa with a high DM
content, further reducing the NPN of alfalfa silage.
Results from these studies suggest that MA systems
could be employed to delay cell lysis and to reduce
proteolysis in ensiled forages. More work is needed to
investigate other treatments that could be used in
conjunction with MA to achieve optimal preservation
of alfalfa silage protein and to determine the effects of
MA on aerobic stability and cow performance.
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